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Dark and light adaptation of retinal neurons allow our
vision to operate over an enormous light intensity
range. Here we report a mechanism that controls
the light sensitivity and operational range of rod-
driven bipolar cells that mediate dim-light vision.
Our data indicate that the light responses of these
cells are enhanced by sustained chloride currents
via GABAC receptor channels. This sensitizing
GABAergic input is controlled by dopamine D1
receptors, with horizontal cells serving as a plausible
source of GABA release. Our findings expand the role
of dopamine in vision from its well-established func-
tion of suppressing rod-driven signals in bright light
to enhancing the same signals under dim illumina-
tion. They further reveal a role for GABA in sensitizing
the circuitry for dim-light vision, thereby comple-
mentingGABA’s traditional role in providing dynamic
feedforward and feedback inhibition in the retina.
INTRODUCTION
During the day/night cycle, our visual system faces the challenge
of operating over a light intensity range that covers more than
nine orders of magnitude (Rodieck, 1998). To meet this chal-
lenge, the retina undergoes dark and light adaptation at all
levels of processing, including the various stages of rod-driven
circuitry, whichmediate dim-light vision (Dunn et al., 2006; Shap-
ley and Enroth-Cugell, 1984). The types of retinal neurons partici-
pating in the primary rod circuit and addressed in this study are
illustrated in Figure 1A. Rod photoreceptors provide glutamater-
gic input to a single class of rod bipolar cells that depolarize
upon light stimulation (depolarizing ‘‘ON’’ bipolar cells, DBCs),
a response triggered by cessation of glutamate release from
rod synapses. Axon terminals of rod DBCs are located in the
inner retina, where they form synapses with AII amacrine cells.
The signals are further processed by cone ON bipolar and retinal
ganglion cells and transmitted to the brain via the optic nerve.The strength and duration of light signals traveling through
the rod-driven circuit are shaped by two classes of retinal
neurons (Wa¨ssle, 2004). Amacrine cells regulate the synaptic
output of rod DBCs by GABAergic and glycinergic inputs,
providing both lateral and temporal inhibitory feedback (Cha´vez
et al., 2010; Eggers and Lukasiewicz, 2006; Tachibana and
Kaneko, 1987). Horizontal cell axon terminals provide lateral
feedback inhibition directly onto rods (Babai and Thoreson,
2009) and potentially feedforward inhibition onto bipolar cell
dendrites (Yang and Wu, 1991). However, the precise mecha-
nisms by which horizontal cells communicate with other neurons
remain controversial (Kamermans and Spekreijse, 1999). It also
remains unknown whether horizontal cells play a direct role in
setting the light sensitivity of the rod-driven circuitry.
Dopamine, another major neurotransmitter in the retina, is
produced by a single class of amacrine cells (Figure 1A) and
has long been known to modulate retinal circuitry to favor
cone-driven pathways during the daytime (Witkovsky, 2004).
The goal of this study was to investigate whether dopamine is
involved in controlling the light sensitivity and adaptation of
rod-driven DBCs. We now demonstrate that dopamine is also
critical for sensitizing rod-driven DBC responses in the dark
and under dim light. This sensitizing effect of dopamine is medi-
ated only by D1-type dopamine receptors (D1R), with horizontal
cells serving as a plausible dopamine target. We further demon-
strate that this D1R-dependent mechanism is conveyed through
a GABAergic input via GABAC receptors (GABACR) expressed
in rod-driven DBCs. Taken together, these observations expand
the role of dopamine in the retina from a messenger of bright
light adaptation to a facilitator of dim-light vision and expand
the role of GABA from a strictly inhibitory transmitter to a sensi-
tizer of the rod-driven circuit.
RESULTS
The Role of Dopamine D1 Receptor in Setting Light
Sensitivity of Rod-Driven DBCs
To elucidate whether dopamine can regulate rod-driven circuitry
at the level of DBCs, we examined their function in knockout
mouse lines, each lacking one of the five mammalian dopamine
receptors (D1R/, D2R/, D3R/, D4R/, and D5R/). WeNeuron 72, 101–110, October 6, 2011 ª2011 Elsevier Inc. 101
Figure 1. Reduced Sensitivity and Operational
Range of Rod-Driven DBCs in D1R–/– Mice and
Localization of D1R in the Retina
(A) Cartoon illustrating the cell types discussed in this
study. See Main Text for details.
(B) Representative ERG recordings from WT and D1R/
mice under dark- and light-adapted conditions. Light
intensity for flash and background light is given in units of
photoexcited rhodopsin molecules per rod (R*/rod) and
photoexcited rhodopsin molecules per rod per second
(R*/rod/s), respectively.
(C) Sensitivities of rod-driven ERG b-waves were deter-
mined for five dopamine receptor knockout mice,
normalized to the dark sensitivity of WT mice (S/Sdark,WT),
and plotted as a function of background light intensity
(mean ± standard error of the mean [SEM]). Here and in
figures below, see Table S1 for the summary of fitting
parameters.
(D) D1R immunostaining in WT and D1R/ retinal cross-
sections (green). Nuclei are stained with Hoechst (blue).
(E) WT retinal cross-section stained for D1R and calbindin,
which labels horizontal cells in the OPL/INL and a class of
amacrine cells in the INL/IPL.
(F) Confocal tangential Z sections of a retinal flat mount
costained for D1R and the rod DBC marker PKCa. Posi-
tions of individual Z sections relative to DBC morphology
are illustrated in cartoons on the right of each panel.
Abbreviations are as follows: ONL, outer nuclear layer;
OPL, outer plexiform layer; INL, inner nuclear layer; IPL,
inner plexiform layer; GCL, ganglion cell layer. Scale bars
represent 25 mm.
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Dim-Light Vision Is Regulated by Dopamine and GABAused the noninvasive technique of electroretinography (ERG),
which characterizes the DBC light responses in vivo without
perturbing any neuronal connections and surrounding neuro-
transmitter levels or altering intra- and extracellular ion concen-
trations (Robson and Frishman, 1998).
A typical dark-adapted ERG evoked by a dim flash consists
mainly of a positive signal, the ‘‘b-wave,’’ which reflects the
cumulative depolarization of rod DBCs (Robson and Frishman,
1998; Robson et al., 2004). We found that the ERG b-wave
amplitude of D1R/ mice was smaller than that of wild-type
(WT) controls, particularly in the presence of adapting back-
ground illumination (Figure 1B). The corresponding response
sensitivities, determined for each level of background light as
a ratio between the maximal b-wave amplitude and the half-
saturating flash intensity and normalized to theWT dark-adapted
values, are plotted in Figure 1C. This analysis demonstrates that
absence of D1R expression reduces the rod DBC ‘‘operational
range,’’ the range of background light intensities over which
a detectable ERG response can be evoked (see Supplemental102 Neuron 72, 101–110, October 6, 2011 ª2011 Elsevier Inc.Experimental Procedures available online for
explanation of how cone-driven contributions
were excluded from this analysis). Similar
results were obtained upon pharmacological
blockade of D1R in WT mice (Figure S1). We
also showed that the retinal morphology in
D1R/ mice was normal, ruling out a role of
anatomical abnormality as the cause of the
ERG phenotype (Figure S2). This phenotypewas strictly specific for D1R/ mice and was not observed in
mice lacking the other dopamine receptors, D2R, D3R, D4R,
and D5R (Figure 1C).
Immunostaining of WT retinas, using D1R/ retinas as
controls, demonstrated that D1R is expressed in both the inner
and outer plexiform layers (Figures 1D and 1E; see also Veruki
and Wa¨ssle, 1996). Although D1R expression is observed in
a subset of cone bipolar cells (e.g., Veruki and Wa¨ssle, 1996),
we did not detect D1R signals in rod DBCs when we systemati-
cally examined individual confocal Z sections through the entire
DBC length in retinal flat mounts costained for D1R and a rod
DBC marker, PKCa (Figure 1F). This indicates that any dopami-
nergic regulation of rod DBC responses is mediated by another
neurotransmitter’s input from other retinal neurons.
The Effect of Dopamine on Rod-Driven DBCs
Is Conveyed via a GABAergic Input
Because light responses of rod DBCs are regulated by
GABAergic inputs from amacrine and potentially horizontal cells
Figure 2. The Sensitivity and Operational Range
of Rod-Driven DBC Responses Are Regulated by
GABACR
(A) ERG recordings from WT and GABACR
/ mice under
dark- and light-adapted conditions.
(B) ERG b-wave sensitivity plots for the following mice
and conditions: WT, GABACR
/, WT injected with the
GABAAR antagonist SR-95531, WT injected with GABACR
antagonist TPMPA, and D1R/ injected with TPMPA.
(C) ERG recordings from dark- or light-adapted WT and
D1R/ mice with and without GABA injections.
(D) WT and D1R/ ERG b-wave sensitivity plots in the
absence or presence of injected GABA.
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Dim-Light Vision Is Regulated by Dopamine and GABA(Figure 1A; McCall et al., 2002; Suzuki et al., 1990; Tachibana
and Kaneko, 1987; Yang and Wu, 1991), we hypothesized that
the phenotype of D1R/ mice may originate from an alteration
of one of these mechanisms. GABA acts on rod DBCs through
two types of GABA receptors, GABAAR and GABACR, which
are both chloride channels (e.g., Cha´vez et al., 2010; Lukasie-
wicz and Shields, 1998; McCall et al., 2002). Therefore, we
examined b-wave responses in mice in which individual GABA
receptor expression was eliminated or pharmacologically
blocked. We first analyzed GABACR knockout (GABACR
/)
mice (McCall et al., 2002) and found that they display a pheno-
type strikingly similar to that of D1R/ mice (Figures 2A and
2B).GABACR
/ andD1R/mice had both a substantial reduc-
tion in dark sensitivity (40% and 55%, respectively) and
a compression of the operational range. In contrast, blocking
GABAAR-mediated input pharmacologically (there is no
knockout available that removes all GABAARs from DBCs) did
not affect either dark sensitivity or operational range of rod-
driven b-waves (Figure 2B). These data reveal that GABACRs
regulate the light sensitivity of rod-driven DBCs and raise the
possibility that the effect of the D1R knockout may be explained
by an altered GABACR-mediated input onto rod-driven DBCs.
We also note that these GABACR-mediated effects on rod
DBCs cannot be explained by altered rod photoreceptor
synaptic output because rods do not express GABACRs (Enz
et al., 1995).
In reciprocal experiments, we measured ERG responses
after intraocular injections of GABA (Figures 2C and 2D). As
has been reported previously, GABA increased b-wave ampli-
tudes (Naarendorp and Sieving, 1991; Robson et al., 2004).
Despite this amplitude increase, GABA did not affect the
sensitivity or operational range of b-wave responses in WT
mice (Figure 2D). Although GABA injections into D1R/ mice
also increased b-wave amplitudes, in this case both the lightNeuron 72, 1sensitivity and operational range of b-waves
were restored to those observed in WT animals
(these phenomena were phenocopied in WT
mice after pharmacological block of D1R;
Figure S1). These data show that the lack of
D1R-mediated signaling can be completely
masked by exogenous GABA, consistent with
a role for D1R in modulating a GABAergic input
onto rod-driven DBCs.Interestingly, intraocular injections of glycine, which normally
provides lateral feedback onto rod DBC axons via chloride
currents through glycine receptor channels, reduced the
b-wave sensitivity functions in both WT and D1R/mice, rather
than restoring the loss of sensitivity and operational range in
the D1R knockout, as in the case of GABA injections into
the eyes of D1R/ mice (Figure S3). This suggests that the
GABAC-dependent mechanism revealed in this study is specific
and implies a difference in ionic microenvironments surrounding
GABACR and glycine receptors.
Our hypothesis that D1R mediates a GABAergic input onto
rod-driven DBCs predicts that pharmacological blockade of
GABACRs should not further reduce b-wave sensitivity in
D1R/ mice. Indeed, inactivation of GABACRs in WT mice
with the specific antagonist TPMPA phenocopied the effect
of the GABACR knockout but added little additional effect to
the b-wave phenotype of D1R/ animals, except under dark-
adapted conditions in which the absence of D1R may not
have completely eliminated effects of GABACR on the bipolar
cells (Figure 2B). Taken together, these data indicate the
presence of a sensitizing dopamine-dependent GABACR-medi-
ated input onto rod-driven DBCs, a mechanism responsible for
increasing DBC light sensitivity and extending their operational
range.
Sustained GABACR-Mediated Input onto Rod DBCs
Hyperpolarizes Their Resting Membrane Potential
and Decreases Their Input Resistance
To gain further insight into how GABACRs could sensitize rod
DBCs, we first analyzed maximal amplitudes of dark-adapted
rod-driven ERG b-waves (Rmax,dark, Figure 3), which would
be proportional to the extent of DBC depolarization upon a
saturating light response (Robson et al., 2004). The Rmax,dark in
D1R/ and GABACR
/ mice was reduced by 25% and01–110, October 6, 2011 ª2011 Elsevier Inc. 103
Figure 3. Normalized Maximal Dark-Adapted Amplitudes of Rod-
Driven b-Waves Differ across Mice with and without GABACR-
Meditated Input
Paired t tests betweenWT and each other animal and condition yielded values
of p* < 0.025, p** < 0.005, and p*** < 0.001.
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GABACR-mediated chloride currents in WT retina normally
extend the voltage range between the resting potential and
maximal light-evoked depolarization. The role of the GABACR
in defining this range was further confirmed by GABA injections,
which increased Rmax,dark 2-fold in WT and D1R/ mice but
caused no increase in GABACR
/ animals. This suggests that
normally the GABACR-dependent current is not saturated and
can be further activated by increases in GABA beyond its tonic
physiological level.
The concept that a tonic GABACR-mediated chloride current
makes a major contribution to setting the voltage range of rod
DBC ERG responses presumes that the chloride equilibrium
potential in the resting state is negative to the resting potential.
This chloride influx would hyperpolarize a rod DBC in a manner
comparable (see Figure 4A) to the potassium outflux traditionally
considered to fulfill this function (e.g., Tessier-Lavigne et al.,
1988). The equivalent circuit in Figure 4B illustrates that the elec-
trochemical gradients of chloride and potassium are completely
interchangeable and that either can hyperpolarize the rod DBCs
and provide the electrical driving force for the light-induced
cation influx that occurs at their dendrites.
The chloride equilibrium in rod-driven DBCs is maintained by
the K+/Cl cotransporter KCC2, which extrudes KCl from these
cells (Figure 4A). KCC2 is expressed throughout all major rod
DBC compartments (Vu et al., 2000; Zhang et al., 2007). Our
own coimmunostaining of KCC2 with the rod DBC-specific
marker PKCa revealed the most abundant KCC2 staining in
rod DBC axons and cell bodies (Figure 4C), consistent with Vu
et al. (2000) and Zhang et al. (2007). The latter is particularly
well seen in retinal flat mounts, in which rod DBC cell bodies
are well distinguished from those of other bipolar cells that
are also positive for KCC2 (Figure 4D). Although an early report104 Neuron 72, 101–110, October 6, 2011 ª2011 Elsevier Inc.suggested that DBC dendrites also express the NKCC1 trans-
porter, which would accumulate chloride inside rod DBCs (Vardi
et al., 2000; see also Li et al., 2008), Vardi and colleagues subse-
quently attributed this result to cross-reactivity of the ‘‘T4’’ anti-
body and showed that NKCC1 found in the outer plexiform layer
of the retina is expressed in horizontal cells (Zhang et al., 2007).
The lack of NKCC1 in rod DBCs is also consistent with the
demonstration that the chloride reversal potentials are the
same at the dendritic and axonal ends of rod DBCs in retinal
slices (Satoh et al., 2001), which argues against chloride trans-
port in opposite directions at these locations.
Based on this evidence, we predicted that inactivation of
KCC2 in WT mice should shift the chloride equilibrium potential
to a more positive value and reduce the amplitude of DBC light
response and the ERG b-wave. Indeed, intraocular injections
of a KCC2 blocker reduced dark sensitivity, operational range,
and Rmax,dark of WT rod-driven b-waves (Figures 3 and 4E),
closely resembling reductions seen in GABACR
/ mice.
Furthermore, the effects of the KCC2 blockadewere not restored
by exogenous GABA, which is consistent with a disrupted chlo-
ride gradient.
Another prerequisite for our hypothesis is the existence of a
tonic hyperpolarizing GABA-mediated current. GABACRs are
particularly well suited for this function due to lack of GABA-
dependent desensitization (Amin and Weiss, 1994). Tonic
GABACR-mediated currents have been observed in goldfish
bipolar cell terminals (Hull et al., 2006; Jones and Palmer,
2009) but have not been observed previously in mammalian
rod DBCs. To directly document this current, we conducted
patch-clamp recordings from rod DBCs in retinal slices. We sup-
plemented our slices with a low concentration of exogenous
GABA (5 mM) in the bath to replace GABA lost by perfusion,
following the experimental paradigm reviewed in Glykys and
Mody (2007). These experiments revealed the presence of a
tonic GABAergic current of 7 pA in WT rod DBCs that was
antagonized by TPMPA (Figures 5A and 5B). This current was
absent in GABACR
/ rod DBCs. We next tested whether this
GABACR-mediated sustained current could change the rod
DBC resting membrane potential. When we measured the
resting membrane potential in current clamp with zero holding
current, TPMPA depolarized the resting potential of WT rod
DBCs but had no effect on GABACR
/ rod DBCs (Figure 5C).
This tonic GABACR-mediated conductance is expected to
change the input resistance of WT rod DBCs and reduce the
degree of depolarization caused by light-dependent synaptic
inputs. To test this idea, we determined the input resistance in
WT rod DBCs by measuring voltage changes in response to
current injection in the presence or absence of TPMPA. As pre-
dicted, blocking GABACRs in WT rod DBCs increased the slope
of the current-voltage (I-V) plot and, consequently, the rod DBC
input resistance (Figures 5D and 5E). In contrast, TPMPA did
not significantly alter the input resistance of GABACR
/ rod
DBCs. This result is consistent with current-clamp recordings
by Euler and Masland (2000), who found that a blockade of
GABAergic inputs reduces the dynamic range of intact rod
DBCs in retinal slices.
The steeper I-V relation observed in the absence of the
GABAergic input should reduce the dynamic range of the ERG
Figure 4. Rod-Driven DBC Responses Are Sensi-
tized by GABACR-Dependent Chloride Influx
(A) Cartoon illustrating the role of KCC2 in chloride extru-
sion from rod DBCs and the roles of chloride and potas-
sium fluxes in tonic rod DBC hyperpolarization.
(B) Equivalent circuit illustrating exchangeability and
additivity of chloride and potassium conductances in
creating the driving force for light-induced cation influx,
resulting in DBC depolarization. Under these conditions,
the resting potential is defined as Vm = (gK 3 EK + gCl 3
ECl)/(gK + gCl), where gK and gCl are potassium and chlo-
ride conductances and EK and ECl are potassium and
chloride reversal potentials, respectively.
(C) Retinal cross-section from a WT mouse immuno-
stained for KCC2 and the rod DBC marker PKCa (see
Figure 1 for abbreviations of retinal layers).
(D) Confocal tangential Z section through bipolar cell
somata of a flat-mounted retina costained for KCC2 and
PKCa. Position of the Z section relative to DBC
morphology is shown in the cartoon on the left. Scale bars
in (C) and (D) represent 10 mm.
(E) ERG b-wave sensitivity plots for WT mice with and
without injections of the KCC2 antagonist VU0240551 or
with coinjection of VU0240551 and GABA. Ethanol (95%),
the vehicle for VU0240551, was injected in WT eyes as
a control; the presence of ethanol shifted the sensitivity
plot for WT mice, but the relative reduction in sensitivity in
GABACR
/ versus WT and in KCC2 blockade versus
WT + ethanol was similar.
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/ mice.
Indeed, the rod-driven b-wave stimulus-response curves, both
in the dark and at each background light intensity, obtained
from both D1R/ and GABACR
/mice displayed a systematic
2-fold decrease in their dynamic range, defined as the range of
intensities covering between 5% and 95% of the maximal
response (Figure 6), which served as a reason for decreased
overall operational range, as illustrated in Figures 1C, 2B, and
2D.
Altogether, our results argue that GABACRs mediate a tonic,
sensitizing chloride current that hyperpolarizes WT rod DBCs
and decreases their input resistance, thereby extending the
amplitude and operational range of their depolarizing light
responses.
Potential Cellular Sites of the Dopamine-Dependent
GABA Release
In the final set of experiments, we aimed to identify the cellular
source of the dopamine-dependent GABAergic input onto rod
DBCs. Electrophysiological studies have described the most
prevalent GABACR-mediated chloride currents in rod DBC
axon terminals (e.g., Eggers and Lukasiewicz, 2006). However,
their dendrites also display a distinct GABACR-mediated chlo-
ride conductance, documented in ferret (Shields et al., 2000),
which is consistent with specific GABACR immunostainingNeuron 72, 1of rod DBC dendrites and its absence in
GABACR
/ rod DBCs (McCall et al., 2002).
Figure 7 shows that short GABA puffs evoked
GABACR-mediated chloride currents in both
the axonal and dendritic terminals of the sameWT rod DBCs in the mouse. Complete suppression of GABA-
dependent currents could only be achieved by blocking both
GABAA and GABAC receptors. Interestingly, the relative contri-
butions of GABAAR- and GABACR-dependent currents were
similar for dendrites and axon terminals (Figures 7C and 7D).
The latter finding is consistent with results obtained for rat
(Euler and Wa¨ssle, 1998) and for mouse (McCall et al., 2002)
rod DBC axon terminals. Therefore, both axons and den-
drites could be considered as potential sites of sustained
GABAergic inputs.
Furthermore, both axons and dendrites of rod DBCs are
located postsynaptically to cells displaying strong immunostain-
ing for D1R and GABA (amacrine and horizontal cells, respec-
tively; Figure 1D and Figure S4). The expression pattern of
KCC2 on both rod DBC axons and somas immediately adjacent
to the relatively short dendrites (Figures 4C and 4D) predicts
an efficient chloride extrusion over the whole length of the rod
DBC and therefore does not favor either amacrine or horizontal
cells as a major source of the GABAergic input.
We therefore searched for evidence that GABA release
from either amacrine or horizontal cells could be regulated via
D1R by analyzing the patterns of GABA immunostaining of
both cell types in WT and D1R/ mice. The most intriguing
result was obtained for horizontal cells. In WT mice, GABA
staining of these cells increased by 3.5-fold upon illumination01–110, October 6, 2011 ª2011 Elsevier Inc. 105
Figure 5. WT Rod DBCs Have a GABACR-Mediated
Tonic Current that Hyperpolarizes Their Resting
Potential and Decreases Their Input Resistance
(A) Representative currents in WT and GABACR
/ rod
DBCs in the presence of 5 mM GABA evoked by bath
application of 50 mM TPMPA.
(B) The average change in tonic current caused by TPMPA
in WT (n = 7) and GABACR
/ rod DBCs (n = 6) differed
significantly (p = 0.001).
(C) TPMPA depolarizes the resting potential (Vrest) of WT
(n = 8), but not GABACR
/ (n = 5; p = 0.03) rod DBCs.
(D) The linear range of current-voltage relationships of
representative WT and GABACR
/ rod DBCs in the
presence and absence of 50 mM TPMPA. A change in
slope was observed in six out of eight WT cells and in none
of the five GABACR
/ rod DBCs.
(E) Input resistances of WT rod DBCs were increased
in the presence of TPMPA but were not changed in
GABACR
/ rod DBCs. The input resistances calculated
from the slopes of current-voltage curves were 0.8 ±
0.2 GU and 1.1 ± 0.08 GU (mean ± SEM, p = 0.03) for WT
rod DBCs in the absence and presence of TPMPA,
respectively, and 1.26 GU ± 0.4 and 1.20 ± 0.07 GU
for GABACR
/ rod DBCs in the absence and presence
of TPMPA, respectively. The input resistance of WT
rod DBCs in the presence of TPMPA was similar to
GABACR
/ rod DBCs in the presence or absence of
TPMPA.
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bodies and axons forming synapses with rod DBC dendrites.
The latter was identified using neurofilament staining as an
axonal marker (Figure 8B). Remarkably, this light dependency
of GABA immunostaining was completely abolished in hori-
zontal cells of D1R/ mice, in which the amount of GABA re-
mained at a constant high level (Figures 8A and 8C). A similar
examination of GABA immunostaining in amacrine cells did
not reveal any systematic light-dependent changes in either
animal type (Figure S5). These results make horizontal cells
a potential site for the D1R-dependent mechanism revealed
in our study.
DISCUSSION
Our results demonstrate that the sensitivity and operational
range of rod-driven vision are increased by dopamine-depen-
dent GABAergic inputs onto rod DBCs. These findings expand
the function of dopamine in the retina from its traditional role of
establishing cone-vision dominance in daytime to acting as an
enhancer of rod-driven circuitry. A previous study in zebrafish
indicated that dopamine is required for the transmission of rod
signals downstream from DBCs (Li and Dowling, 2000). We
now show that dopamine increases the sensitivity of rod-driven
responses at the level of DBCs. Together, these results indicate106 Neuron 72, 101–110, October 6, 2011 ª2011 Elsevier Inc.that dopamine regulates the entire primary rod
pathway of mammalian vision. The fact that
the desensitizing effect of the D1R knockout is
observed in both dark-adapted mice and mice
exposed to dim background light is consistent
with significant levels of total dopamine (Niret al., 2000) and dopamine release (Mills et al., 2007), even in
dark-adapted retinas.
Mechanistic Hypothesis of Rod DBC Sensitization
by GABA
We propose that a dopamine-dependent GABAergic input
causes two interrelated effects. First, a tonic GABA input hyper-
polarizes rod DBCs and increases the driving force for cations
entering the cell during the depolarizing light response. Second,
a sustained chloride current caused by this GABAergic input
broadens the dynamic range of rod DBC light responses
because it imposes a mild shunting inhibition on the depolarizing
light response. Ultimately, both aspects of the sustained
GABACR-mediated input sensitize rod-driven vision by making
rod DBC responses larger and by allowing them to operate
over a broader light intensity range.
This role of chloride in providing a driving force on cations
during depolarizing light responses complements themore tradi-
tional role of potassium in fulfilling this function and, electrically,
the contributions of these two ions are interchangeable and
additive (Figure 4B). However, the regulation of these two
currents is different: whereas the potassium conductance is
likely to be defined by the channel and transporter activities
confined to rod DBCs, our results suggest that the chloride
conductance is further regulated by a dopaminergic input to
Figure 6. Knockout or Blockade of D1R and/or GABACR Reduces
the Dynamic Range of ERG b-Wave Responses
The response dynamic range for each animal and condition (i.e., the range of
intensities covering between 5% and 95% of the maximal b-wave response)
was calculated as 102.56/n (Thibos and Werblin, 1978), where n is the Hill
coefficient for the rod-driven b-wave component calculated from fitting
b-wave stimulus-response curves to equation 1 (see Supplemental Experi-
mental Procedures). The data were averaged from all recording sets obtained
in the dark and in the presence of background light. Paired t tests betweenWT
and each other animal and condition yielded values of p* < 0.05 and p** < 0.01.
Figure 7. GABAergic Currents Are Mediated by GABAA and GABAC
Receptors in Both Dendrites and Axon Terminals of Rod DBCs
(A and B) Representative current responses to brief puffs of GABA delivered
focally onto the axon terminals in the IPL (A) or dendrites in the OPL (B) of the
same rod DBC in the presence or absence of the GABAAR antagonist bicu-
culline (500 mM) or a mixture of bicuculline with the GABACR antagonist
TPMPA (50 mM).
(C and D) Averaged normalized charge transfer (Q/Qmax) of rod DBCs in
response to GABA puffs in the IPL and OPL and in the presence of bicuculline
alone or bicuculline + TPMPA. In both cases, bicuculline reduced responses to
80% of the control in the IPL and to 66% in the OPL (n = 6). TPMPA + bicu-
culline essentially eliminated responses in both IPL and OPL (7% versus 12%
in IPL versus OPL; n = 6). An analysis of variance compared the reduction in
these responses from control. Both OPL and IPL responses were significantly
different in the presence of bicuculline as well as bicuculline + TPMPA (p <
0.001). There was no difference when similar conditions were compared
between IPL and OPL.
Neuron
Dim-Light Vision Is Regulated by Dopamine and GABAa GABA-releasing cell. Moreover, our data suggest that rod
DBCs take a 2-fold advantage from maintaining large chloride
gradients. The well-established role of this gradient is to enable
strong, stimulus-dependent, transient GABAergic feedback
inhibition from amacrine cells (Cha´vez et al., 2010; Tachibana
and Kaneko, 1987), which adjusts the amplitude and kinetics
of rod DBC light-evoked or electrically evoked responses
(Eggers and Lukasiewicz, 2006; Roska et al., 2000). We now
argue that the same chloride gradient also sensitizes their light
responses via small sustained currents. Interestingly, the same
chloride channel, GABACR, is used in both cases (though
GABAAR is used for the dynamic feedback as well), which
requires the transient GABACR-dependent current mediating
the dynamic feedback to be significantly larger than the sus-
tained current. This is entirely consistent with observations
made by us and by others (Naarendorp and Sieving, 1991; Rob-
son et al., 2004) that increasing extracellular GABA by intraocular
injections increases rod DBC light-response amplitudes, indi-
cating that GABA is bound only to a fraction of GABACRs in
the dark.Do Horizontal or Amacrine Cells Serve as the Primary
Site of the Dopamine-Dependent GABA Release?
Another point raised in our study relates to the cellular origin of
the dopamine-dependent GABA release. The light dependency
of GABA staining in horizontal cells abolished in D1R/ mice
makes these cells a potential candidate. Horizontal cells have
long been known to contain GABA (Figure S4; Deniz et al.,
2011; Guo et al., 2010; Schwartz, 1987; Vardi et al., 1994;
Wa¨ssle and Chun, 1989), but the role of GABA release from
horizontal cells, at least for the rod circuit, remains poorlyunderstood. For instance, the recently reported inhibitory
feedback from these cells onto rod terminals does not appear
to rely on GABA (Babai and Thoreson, 2009). Horizontal cells
display the strongest D1R immunostaining in the mouse retina
(Figure 1E) and express D1R in close proximity to the processes
of dopaminergic amacrine cells (Figure S4). The hyperpolarizing
light responses of horizontal cells are also known to be regu-
lated by dopamine via D1-type receptors (Hankins and Ikeda,
1994; Knapp et al., 1990; Mangel and Dowling, 1985; Yang
et al., 1988). Furthermore, depolarization of horizontal cells
favors GABA release in isolated cells (Schwartz, 1987), and
dopamine, acting via D1R, shifts the membrane potential of
horizontal cells to more depolarized values (Hankins and Ikeda,
1994).
Combined with the observation that dendrites of rod DBCs
have robust GABACR-mediated currents, these properties of
horizontal cells allow the following interpretation of our GABA
immunostaining data. We suggest that horizontal cells in
D1R/ mice release less GABA than horizontal cells in WT
mice under all illumination conditions used in our study. This
idea relies on the assumptions that the intensity of GABA immu-
nostaining in horizontal cells measures the retention of GABA,
thereby serving as a reciprocal measure of the amount ofNeuron 72, 101–110, October 6, 2011 ª2011 Elsevier Inc. 107
Figure 8. Horizontal Cells Serve as a Putative Site
of D1R-Regulated GABA Release
(A) GABA immunostaining of horizontal cells in single
tangential confocal sections of WT and D1R/ retinas.
The position of optical sections is illustrated on the cartoon
above. Animals were light conditioned as indicated in the
panel.
(B) GABA coimmunostaining with neurofilaments in a
single tangential confocal section through the horizontal
cell layer in WT retina.
(C) Quantification of GABA immunostaining in horizontal
cells frommice subjected to different levels of background
illumination (mean ± SEM; three to six retinas were
analyzed for each condition; p values for the difference
between animal types at the same condition are shown on
the top of each pair).
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by light. Accordingly, the sensitivity of rod-driven ERG b-waves
inD1R/mice remained lower than inWTmice even at the high-
est tested background level of 800 photoexcited rhodopsin
molecules per rod per second. Interestingly, horizontal cell
coupling via gap junctions is also controlled by a D1R-depen-
dent mechanism in the same light intensity range as analyzed
in our study (e.g., Weiler et al., 2000), which raises a possibility
that the two phenomena are interdependent. Testing these ideas
and elucidating mechanistic details of the dopamine-dependent
GABA release will be the goal of future studies.
We should stress, however, that an alternative model in which
GABA release originates primarily from amacrine cells remains
plausible as well, particularly because sustained GABACR-medi-
ated currents have been observed in axon terminals of mixed
rod/cone DBCs in goldfish retina (Hull et al., 2006; Jones and
Palmer, 2009). Another argument in favor of this possibility is
the observation by Euler and Masland (2000) that an application
of GABA receptor blockers in retinal slices decreased the
dynamic range of intact rod DBC light responses, but not
DBCswith severed axon terminals. In principle, it is also conceiv-
able that GABA is released at both locations. A critical future108 Neuron 72, 101–110, October 6, 2011 ª2011 Elsevier Inc.approach to identify relative dendritic and
axonal contributions to sustained chloride
currents would be to generate conditional
knockout mice lacking D1R from specific retinal
neuron types.
Dopamine-dependent modulation of
GABAergic outputs, particularly via D1R, is a
critical mechanism in the physiology and
pathology of multiple brain functions (Carlsson
et al., 2001; Greengard, 2001). The present
study extends this modulatory interaction to
the retina, where it plays a crucial role in dim-
light vision via sustained sensitization of rod
bipolar cells.
EXPERIMENTAL PROCEDURES
All mice were handled following the protocol approved by
the Institutional Animal Care and Use Committees of Duke
University. Details on the animal strains used, electrophys-iological recordings, and immunohistochemical procedures are available in the
Supplemental Experimental Procedures.
Electroretinography
ERGs were recorded essentially as described (Herrmann et al., 2010). Sensi-
tivities of b-waves were determined as the ratio between the maximal rod-
driven response amplitude and the half-saturating flash intensity (parameters
derived from fits of b-wave stimulus response curves with a hyperbolic func-
tion). In all figures, b-wave sensitivities were normalized to the sensitivity of
dark-adapted WT mice and fitted by the Weber-Fechner law; fitting parame-
ters are summarized in Table S1.
Whole-Cell Rod DBC Recordings in Retina Slices
Preparation of retina slices, whole-cell voltage and current-clamp recordings,
and bathing and pipette solutions are described in McCall et al. (2002) and
Eggers et al. (2007). Rod DBCs were identified by their characteristic
morphology after filling them with lucifer yellow (0.05%) or sulfarhodamine
(0.01%) included in the recording electrode. To record tonic GABAergic
currents, we voltage clamped cells at 0 mV in the presence of 5 mM GABA.
The resting potential was determined in the current-clamp mode with zero
holding current. Input resistance was also measured in current clamp from
voltage changes due to current injections. To record transient GABA-evoked
currents in dendrites and axon terminals of rod DBCs, we voltage clamped
cells to the reversal potential for cations (0 mV), and currents were evoked
by 30 ms GABA puffs (100–300 mM) onto dendrites or their axon terminals.
Neuron
Dim-Light Vision Is Regulated by Dopamine and GABAImmunohistochemistry
Immunostaining was performed essentially as described (Herrmann et al.,
2010). To analyze light-dependent GABA immunostaining in retinal neurons,
we exposed dark-adaptedmice for 5min to background illumination of varying
intensities. Mice were sacrificed, and retinas were fixed and stained with
a mixture of anti-GABA and anti-calbindin antibodies for 3 days. Following
incubation with secondary antibodies for visualization of GABA and calbindin
immunostaining in different color channels, flat-mounted retinas were
analyzed by confocal microscopy. To quantify the light-dependent dynamics
of GABA staining in horizontal cells, we first selected a single optical section
representing the outer plexiform layer and displaying the most intense calbin-
din immunostaining. We next measured the intensity of GABA immunostaining
colocalizing with calbindin staining in the same section.SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures, one table, and Supplemental
Experimental Procedures and can be found with this article online at doi:10.
1016/j.neuron.2011.07.030.
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